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Overall valueElectric Vehicle (EV) can save energy while reducing emissions and has thus attracted the attention of
both academics and industry. The cost and beneﬁt of charging are one of the key issues in relation to
EV development that has been researched extensively. But many studies are carried out from a viewpoint
of some local entities rather than a global system, focus on speciﬁc types or aspects of EV charging, or use
mixed models that can only be computed by computer simulation and lack physical transparency. This
paper illuminated that it is necessary to consider the value of EV charging on a system scale. In order
to achieve this, it presents an analytical model for analyzing the overall value of EVs, an analysis model
to evaluate the reduction of pollutions relevant to photovoltaic power, and a model to transfer the intrin-
sic savings of wind power to the off-peak charging loads. It is estimated that EV charging has a signiﬁcant
positive value, providing the basis for enhanced EV subsidies. Accordingly, a utilization mechanism apt to
optimize globally is proposed, upon which sustainable business models can be formed by providing ade-
quate support, including the implementation of a peak–valley tariff, charging subsidies and one-time bat-
tery subsidies. This utilization mechanism, by taking full advantage of the operation system of power
utilities to provide basic support and service, may provide new approaches to the development of EVs.
The method proposed here is of important value for the systematic considerations about EV development
and maybe can help broaden the possibility of EV development.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-SA license
(http://creativecommons.org/licenses/by-nc-sa/3.0/).1. Introduction
The escalating issues of oil resource depletion and environmen-
tal pollution have drawn worldwide attention to the Electric Vehi-
cle (EV). The EV and charging infrastructure have been extensively
studied, and a signiﬁcant number of demonstrations have been
built in various countries [1]. However, in spite of the huge invest-
ment and resource, the development of EV remains very slow. The
primary reasons include the fact that, the development of the
power battery was slower than expected, such that EVs are not
competitive with fuel vehicles. Meanwhile, the operational mode
of the charging infrastructure remains uncertain, and its construc-
tion is slow; both of these have seriously stymied EV development.
Additionally, different aspects of the related industry function with
near autonomy, lacking coordination and optimization, with theconsequence that they are unable to form a resultant, coherent
force.
The cost and beneﬁt of charging are the key issues for the devel-
opment of EV. And they must be considered taking EV, charging
infrastructure, and power grid as a whole; and this is the base to
determine reasonable charging price scheme and subsidy policy,
and maximum the whole social welfare. Though many elaborated
researches in relation to the impact, cost and beneﬁts of EV charg-
ing have been carried out, there are still some drawbacks as
following:
Firstly, it is only from a viewpoint of some local entities rather
than a global system that many literatures studied the economy
and beneﬁts of EV charging. Jonathan and David [2] using Western
Australia, the smallest wholesale electricity market in the world, as
a test case, discussed the economic and commercial viability of
vehicle-to-grid (V2G). It calculated the beneﬁts of V2G for arbi-
trage in short term energy market, providing spinning reserve, load
following and participating demand side management. And the
cost of battery wear, communication systems and alternative
options of V2G were analyzed in the other hand. The report
concludes that most variants of V2G are currently too costly to
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ing can be added to demand side management without substantial
investment. Based on the Well-to-Wheel (WTW) methodology,
Ricardo et al. [3] presents a study of the economic and environ-
mental balances for EVs versus fuel vehicle. It takes into account
different primary energy supply includes fossil fuels, nuclear and
Renewable Energy Source (RES), and different vehicle technologies
include Battery Electric Vehicle (BEV), Hybrid Electric Vehicle
(HEV) and Plug-in Hybrid Electric Vehicle (PHEV). BEVs have less
than a half of the emissions than an fuel vehicle. However, the
ownership costs during its life cycle (about 10 year) are similar
to an equivalent fuel vehicle, despite the lower operational costs
for BEVs. A comprehensive approach with two large-scale distribu-
tion areas and three penetrations is proposed to evaluate the
impact of PEV on distribution network and shows that, the smart
charging can avoid up to 60–70% of the required incremental
investment [4]. The comparison in [5] concludes that battery and
hybrid EV are offering clearly short-term and medium-term solu-
tions with a large number of common components, and maybe fuel
cell vehicles can contribute to long-term solutions. A stochastic
model based on the driving behavior of Western European drivers
is studied to determine the electrical power required for PHEVs in
Belgium and shows that, coordinated charging is essential to min-
imize the impact, while the double tariffs scheme will create a
large, unwanted peak [6]. A value model is presented to assessing
the integration of EVs into Australia’s electricity industry, which is
based on the relationship of supply and demand [7]. In these stud-
ies, only the cost and beneﬁts of EV user or power grid are analyzed
and optimized, and being under special electricity price scheme or
in certain power market; this is distinct from the analysis and opti-
mization in a systematic manners. From the viewpoint of system, it
is the electricity price scheme that needs to be optimized at ﬁrst;
otherwise, with an unreasonable electricity price scheme, it is unli-
kely to maximum system beneﬁts, and will reduce the signiﬁcance
of partial optimization.
Several articles present studies on the cost and beneﬁts just
about speciﬁc types or aspects of EV charging, while without
involving general methods and results about the value analysis of
EV charging. The economics of fast charging is studied in a case
of Germany [8], where potential users and organization structures
are investigated as well as different tariff types. The key drivers of
revenue are the tariff, the capacity and the utilization rates. Cost
components include initial capital expenditure and operational
expenditures. The results show that, a market-driven roll-out of
Level III fast charging infrastructure is unlikely to be proﬁtable in
Germany at 2011 EV penetration rates. And the general EV adop-
tion rate is detected as being a main risk factor for investment in
public charging infrastructure. The economic costs and beneﬁts
of ‘‘smart charging’’ policy is explored using a number of variables
for creating alternative scenarios: level of PEV penetration, 120 V
versus 240 V charging, and whether there is a carbon price or not
[9]. There are signiﬁcant absolute dollar savings associated with
load shifting, although they represent a fairly low percentage of
total system costs. The value of smart charging policy varies signif-
icantly across electric grids. A simple 12–8 am time-of-use tariff
coupled with a circuit timer appears to be the most economical
way to maximize the net beneﬁts. But the economic beneﬁts of
optimal charging cannot justify investing in the smart grid infra-
structure. A new broader method is proposed to compare different
vehicle technologies, and giving insight on electric grid impact and
CO2 emissions [10]. The method was applied to series and parallel
PHEVs with different driving cycles, driving distances and user
behaviors. The result shows that, total driven kilometers greatly
affects total CO2 emissions and user cost. A stochastic optimization
algorithm is presented and justiﬁed to maximize the use of renew-
able energy, where the Monte Carlo simulation of transportationpatterns and Hong’s estimation method to mimic renewable
energy sources are used [11]. A decentralized valley-ﬁlling charg-
ing strategy is presented, in which a day-ahead pricing scheme is
optimized and broadcasted to EV owners [12]. An intelligent charg-
ing method in response to time of use (TOU) price is presented, and
the results have validated its effectiveness [13].
Some papers use mixed models with multiple objectives and
constraints that can only be computed by computer simulation.
Although this method can generate more accurate numerical
results, the conclusions tend to be vague in physical transparency,
and common analytical models and general rules are difﬁcult to
obtain, because a variety of interactions and inﬂuence factors are
intertwined. Liu et al. [14] estimates the costs and beneﬁts of PHEV
by elaborated models. Typical daily driving patterns are derived by
the data from Finland, taking into account differences between
weekdays and holidays. The model treats the vehicles connected
as a storage pool, which participates in the day-ahead and intraday
markets, considering reserves and a minimum level for the leaving
battery. The impact of different options are compared on the power
system of Finland, including using mixed integer programming
model or linear programming model, providing spinning/non-spin-
ning reserves or not, and using smart charging or dumb charging. It
turns out to be that the system cost of EV charge was around 36 €/
vehicle/year by smart charging while around 263 €/vehicle/year by
dumb EVs. An assessment of impact of PHEV charging patterns on
power system is presented by using of detailed stochastic models,
where the problem is formulated by objective function, start-up
and shut-down costs constraints, power balance and reserve con-
straints, coupling constraints of individual unit status, start-up
and shut-down indicators, individual unit balance and reserve con-
straints, individual unit ramping constraints and minimum on/off
time, wind power constraints, PHEV load charging balance, PHEV
load hourly charging limit, reserve provided by V2G [14]. Rotering
and Ilic [15] uses two dynamic programming to ﬁnd the econom-
ically optimal solution for the vehicle owner, and the analysis of
the California independent system operator indicates that, smart
charge timing reduces driving costs from $0.43 to $0.2. Provision
of regulating power substantially improves the daily proﬁts to
$1.71. A stochastic optimization algorithm with detail model is
presented to coordinate charging of EVs to maximize the use of
renewable energy [16].
In addition, for utilization of EV charging value, despite different
types of business models are discussed, the overall value of EV
charging gets little attentions. A holistic approach to developing
business models for EV is presented based on morphological meth-
ods, which can capture the complex interrelations, show potential
design options, and reveals technical and organizational limita-
tions [1]. Andersen et al. [17] introduces the business model for
integration of EVs into private transport systems established by
the ﬁrm better place, where an intelligent rechargeable network
is provided by an Electric Recharge Grid Operator (ERGO).
As mentioned above, because of the comprehensiveness, com-
plexity and uncertainty of EV development, the universal and sim-
ple models and methods for the value analysis of EV charging
remain a challenge to be resolved. Further, this will lead to various
difﬁcult in many aspects, such as policy analysis and decisions,
business model selection, and develop route choosing. Therefore,
this paper aims to develop an analytical model and method for
determination of the overall value of EV charging, so as to provide
a useful tool for analysis of charging price, subsidy policy, and
other system issues. Section 2 proposes the analysis model of the
overall value of EV charging which include marginal cost of elec-
tricity for charging, the value of pollution reduction, and the value
corresponding to the increase in new energy utilization, presents
the evaluation method of each part value, and estimates the
change range of the overall value. In Section 3, a utilization
422 C. Guo, C.C. Chan / Energy Conversion and Management 89 (2015) 420–426mechanism of the overall value of EVs is proposed. Section 4 dis-
cusses the results of this paper. And the conclusions, the advanta-
ges and defects of the method and possible future research
direction are given in Section 5. These studies present new ideas
and methods for systematically analyzing EV, which can facilitate
the further research and implement of EVs.2. Analysis model and method for the overall value of EV
charging
2.1. Basic model for the overall value of EV charging
From the system perspective, EV can participate in the peak–
valley regulation of power systems, increasing the utilization of
new energy and reducing environmental pollution. Therefore,
when replacing fuel-powered vehicles with EVs, a value model of
charging that considers the overall beneﬁts can be calculated with
the following Eq. (1):
VEV ¼ CC þ DEV  DIV þ VNE ð1Þ
where VEV is the overall value of EV charging, CC is the marginal cost
of electricity for charging, DEV is the value corresponding to the
charging-generated pollution, DIV is the value corresponding to
the pollution generated by the fuel vehicle that were replaced,
and VNE is the value corresponding to the increase in new energy
utilization. Here, gain is deﬁned as a positive value, and cost is
deﬁned as a negative value.
Because both new energy and electricity loads have peak–valley
characteristics obviously, the cost and value of on-peak and off-
peak charging instances must be calculated separately. And the
method to quantify these values is analyzed in the following
section.
2.2. The marginal electricity cost for EV charging
Because electricity cannot be stored in signiﬁcant quantities,
the power system must build power facilities that can meet the
peak load requirements. And increasing the load during off-peak
hours does not require the installation of additional power facili-
ties; instead, only the corresponding marginal cost of electricity
must be considered.
Based on the operating characteristics of China’s electric power
system, the electricity demand of off-peak EV charging is met
mainly by increasing the output of thermal power plants. Thus,
the only additional cost is the marginal cost of the coal consumed,
while other operating costs essentially do not increase. According
to data of 2012, the standard coal consumption of power supply
of thermal power is 326 g/kW h, which is equivalent to an average
coal cost of approximately 0.23 Yuan/kW h [18]. Because the mar-
ginal cost of coal is generally lower than the average cost of coal,
the marginal cost of off-peak EV charging is less than 0.23 Yuan/
kW h.
With the development of new energy power generation, the
phenomenon of abandoning wind power during off-peak hours
has grown to a considerable quantity in China, and this problem
will worsen when the installed capacity of wind power increases.
Studies have shown that shifting EV charging to off-peak hours
can increase the utilization of new energy and reduce the abandon-
ment of wind power. This method does not alter the cost of fuels,
nor will it increase the operating costs; therefore, the marginal cost
of electricity for this part of EV charging during off-peak hours can
approach zero.
Therefore, the marginal electricity cost for the load of off-peak
EV charging is in the range of 0 to 0.23 Yuan/kW h. The cost of elec-
tricity during peak hours is the same as that of general loads and iscalculated using the commercial and industrial electricity price of
approximately 1.2 Yuan/kW h.
2.3. The value of pollution reduction
EVs can reduce pollution and environmental damage, the value
of which is expressed as (DEV  DIV) in Eq. (1). The remaining prob-
lem is how the associated environmental beneﬁts can be quanti-
ﬁed in terms of economic value.
At present, photovoltaic power is commonly subsidized in
China and other countries because the generation of photovoltaic
power is believed to reduce the associated damage from pollution
and, thus, is considered to be worth the economic cost. Therefore,
the equation used to calculate the value of emission reduction of
EV charging by comparison with photovoltaic power is given as
follows:
SEV ¼ DEV  DIV ¼ HEV  HIVHPV  HTE SPV ð2Þ
where SPV and SEV are the subsidies for photovoltaic power and EV
charging, respectively, and the values should be proportional to
their reduction in pollution damage. According to the Chinese
National Development and Reform Commission, the current subsidy
for distributed photovoltaic power generation is 0.42 Yuan/kW h,
while the remaining electricity feeding into grid must be purchased
at the benchmark tariff of coal-burning units [19]. The latter reﬂects
the cost of the coal-burning electricity that is replaced, and the for-
mer is just the subsidy for reducing the damage caused by pollution.
HEV is the pollution damage per unit of electricity used by EVs, HIV is
the pollution damage of fuel vehicles that is replaced by EVs at one
unit of equivalent electricity, HPV is the pollution damage caused
per unit of photovoltaic power, and HTE is the pollution damage
caused per unit thermal power.
The pollution associated with photovoltaic power is generally
believed to be very small and can be ignored compared with that
from thermal power. Meanwhile, most of the electricity used in
EV charging is thermal power; thus, the pollution damage of EV
is less than, but approximately equal to, the pollution damage
caused by the thermal power consumed, i.e., HEV < HTE. Then,
the following equation can be derived by using the above relation-
ship in Eq. (2):
SEV ¼ DEV  DIV > ðHIV=HEV  1ÞSPV ¼ ðk 1ÞSPV ð3Þ
where k is the ratio of pollution damage between fuel vehicles and
EVs with same drive distance. Eq. (3) shows that the subsidies for
EVs should be (k  1) times greater as the subsidies for photovoltaic
power.
According to the standard of China, the smoke emission per unit
of thermal power in 2012 was 0.39 g/kW h, with the emission of
sulfur oxides (SOx) reduced to 2.26 g/kW h. Thus, these values
can be regarded as the approximate pollution emission per unit
of electricity consumed by EV charging [18]. Ricardo et al. [3] pre-
sents the pollution emission level of different scenarios for the pri-
mary energy supply in Portugal. The emission of SOx is 9.3 g/kW h
while NOx is 3 g/kW h. However, it did not calculate the cost corre-
sponding to pollution or governance cost. And compared with
China, the pollution emission per unit generation in Portugal is
not necessarily larger due to low ratio of thermal power and big
penetration of renewable energy.
According to the stage IV emission standards for light-duty
vehicles [20], the emission limits for gasoline passenger cars are
1.00 g/km for carbon monoxide (CO), 0.10 g/km for hydrocarbons
(HC), and 0.08 g/km for nitrogen oxides (NOx); additionally, the
limit of particulate matter emission for diesel vehicles is 0.025 g/








Fig. 1. Power supply or demand curve. This curve is the supply or demand power
(kW) versus the time (h).
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the following equation:
H0IV ¼ H00IV=LE ð4Þ
where H0IV and H
00
IV are the emission limit per unit of the equivalent
electricity used by EV and the emission limit per unit of mileage for
fuel vehicles. LE is the mean power consumption per kilometer,
assuming the common used value of 0.20 kW h/km [21].
Using the above equation, the emission limits per unit of equiv-
alent electricity used by EVs are calculated to be 5.00 g/kW h (CO),
0.50 g/kW h (HC) and 0.40 g/kW h (NOx), and the particulate mat-
ter emission limit for diesel vehicles is 0.125 g/kW h.
The above comparison shows that there are more pollutant spe-
cies in the emissions of fuel vehicles, where the total emission limit
is 6.025 g/kW h. So the mean total emission is set to 5.00 g/kW h in
our study. As for thermal power, the NOx emission is set to be half
of the SOx emission, resulting in a total emission of 3.78 g/kW h.
Then, the ratio (k1) between the former and the latter is the ratio
of total pollution, and is approximately 1.32.
Additionally, vehicle emissions are concentrated with small
areas in urban regions, which also tend to involve poor circulation.
Thus, secondary pollutants, such as ‘‘photochemical’’ smog, are
prone to generation through chemical reactions between the aggre-
gated pollutants. Therefore, the same amount of emissions can
cause more pollutants in the cities than in remote areas, and the
degree of pollution should be multiplied by an aggregation coefﬁ-
cient of k2, which is supposed to be in the range from 1.5 to 2.0.
Further, the number and sensitivity of pollution victims in
urban areas are signiﬁcantly greater than those in remote areas,
where the power plants are located. Taking the population as an
example, according to the sixth national census of China (2010
data), the population density was 8562 persons/km2 in the urban
area of Beijing and 1195 persons/km2 in the entire Beijing metro-
politan region, while the population density of China’s eastern
region was 506 persons/km2. Beijing’s mean population density
was 2.4–16.9 times that of east China. It is evident that the damage
caused by pollution of the same degree in urban areas is signiﬁ-
cantly greater than that in remote areas. Therefore, the pollution
damage caused by vehicle emissions should be multiplied by a sen-
sitivity coefﬁcient, k3, whose value is set to be in the range from 2.0
to 3.0.
The equation used to calculate the overall multiplier (k) of pol-
lution damage can be derived by integrating the ratio of total pol-
lution (k1), aggregation coefﬁcient (k2) and sensitivity coefﬁcient
(k3) as follows:
k ¼ k1k2k3 ð5Þ
Therefore, the range of k (fuel vehicle-to-EV pollution damage
ratio) is 3.96–7.92. The subsidy for EVs, as calculated by using k
in Eq. (2), is in the range from 1.24 to 2.91 Yuan/kW h, reﬂecting
the value of pollution reduction as a result of EVs.
It should be noted that the mechanism of environmental pollu-
tion and damage is very complex, inﬂuenced by many factors.
However, no generally recognized calculation method is available
at present. Therefore, a simpliﬁed model for analysis, together with
a conservative aggregation coefﬁcient and sensitivity coefﬁcient, is
used in our study for estimation. The serious situation of air pollu-
tion in the metropolises all over the world shows, their actual val-
ues may be greater; therefore, the values of k and the value of
pollution reduction as a result of EVs may be even greater.
2.4. The value of improving new energy utilization
Among the new energy sources, wind power, which also exhib-
its properties of an unfavorable peak–valley feature, rapid develop-ment and large capacity, has come to signiﬁcantly impact the
power grid. However, EV can help consume the power generated
by wind. The value of EVs in this aspect is analyzed in the following
section.
The unit peak–valley difference rate of the power curve shown
in Fig. 1 is deﬁned as follows, to help analyze the role that EVs play
in consuming wind power:








In which Ppeak and Pvalley are the powers at peak and off-peak hours,
respectively.
Clearly, power supply with a positive unit peak–valley differ-
ence rate and loads with a negative one can reduce the peak–valley
difference of the entire system. Greater absolute values of these
suggest that they will contribute more signiﬁcantly. The unit
peak–valley difference rate of wind power is usually negative,
which will increase the peak–valley difference of the entire system.
If the EV charging load is adjusted so that its peak–valley difference
rate is also negative, then the peak–valley difference caused by the
wind power can be offset, helping the grid to consume more wind
power. The total energy consumption can be approximated using
the following equation:
EWP ¼ aEVaWP EEV ð7Þ
where EWP is the integrated wind power, EEV is the charging energy
of EVs, and aWP and aEV are their peak–valley difference rates,
respectively. The wind power integration rate increased by EVs,
b ¼ EWP=EEV ¼ aEV=aWP, can be derived from the above equation,
which can be used to approximate the amount of wind power that
could be integrated per unit of EV charging electricity.
Neither wind power nor photovoltaic power technology con-
sumes physical resources or produces environmental pollution.
Thus, the total intrinsic value of each technology is the same,
which includes the value of the electricity and the environmental
value corresponding to the emission reduction. When the cost of
wind power is high, the maximum subsidy can be the difference
between the intrinsic value and the feed-in tariff. As the cost drops,
it will require less support by subsidization. The savings can be
used for off-peak EVs charging loads to promote wind power inte-
gration and, thus, to avoid the abandonment of it while improving
the overall efﬁciency of the system. Therefore, the subsidy for the
loads of off-peak EV charging can be calculated using the following
equation:
VNE ¼ bðVWP  PWPÞ=c ð8Þ
where VNE is the value of the increase in new energy utilization in
Eq. (1), VWP is the intrinsic value of the power from new energy
resources such as wind power, approximated with the current
424 C. Guo, C.C. Chan / Energy Conversion and Management 89 (2015) 420–426benchmark tariff of photovoltaic power plants (i.e., 1.0 Yuan/kW h
in China). PWP is the benchmark tariff of wind power, which cur-
rently ranges from 0.51 to 0.61 Yuan/kW h. c is the proportion of
the off-peak EV charging energy in the entire charging load; its
value is less than 1 and generally increases with an increasing
peak–valley price difference. In this study, it is set to 0.4–0.7.
Clearly, b (the wind power integration rate) and c (the propor-
tion of off-peak charging energy) are related to the peak–valley
feature of EV loads, which is affected by the scheme of EV load
scheduling and the response level of users. All of them are uncer-
tain factors and, therefore, are difﬁcult to evaluate accurately.
However, appropriate tariff incentives may increase the consump-
tion of wind power largely because the charging loads can be sig-
niﬁcantly adjusted with a suitable scheme.
For a conservative calculation, the wind power integration rate
b increased by EVs is set to 0.5–1.5, the wind power feed-in tariff is
0.61 Yuan/kW h, and the proportion of off-peak charging electricity
c is set to 0.7 in our study. Then, the electricity price for off-peak
charging is calculated to range from 0.28 to 0.84 Yuan/kW h with
Eq. (8), due to improving the wind power integration. On-peak
charging cannot increase the utilization of wind power; hence,
the corresponding value is zero, i.e., the consumption should not
be subsidized.
2.5. Overall value of EV charging
The integrated overall value of EV charging derived from the
marginal electricity cost, pollution reduction value and the value
of improving new energy utilization is calculated with Eq. (1)
and shown in Table 1.
The above table clearly shows that EV charging has a positive
overall value and, therefore, should be subsidized and rewarded.
If the life-time mileage of an EV is 200,000 km and the electricity
consumed is 0.2 kW h/km, then the total amount of subsidies is
51,600 to 150,000 Yuan if only off-peak charging is used, and is
1600–68,400 Yuan if only peak-hour charging is used (here the
results listed are the values with no additional charge for charging
electricity). Therefore, the nature of the EV charging load should be
clearly stated: the EV charging load is different from ordinary elec-
tricity sales, but a load bearing the emission reduction function, in
which the off-peak loads also provide the service of load shifting
and the promotion of new energy utilization. If the cost of EVs is
high, then the society should pay for such services to promote its
development, as a source of value for providing subsidies for EVs.3. Utilization mechanism for sufﬁcient exertion of the overall
value of EV charging
3.1. Drawback of EVs support at present
The existing support for EVs focuses on battery subsidies; how-
ever, this subsidy is instituted with insufﬁcient scale. According to
‘‘Advice on continuing to promote the application of new energy
vehicles’’ in China, which grants a subsidy of 2000 Yuan/kW h for
batteries, equivalent to a subsidy of 1 Yuan/kW h for electricity if
used 2000 times. And at the same time, the charging must pay
1.2 Yuan/kW hat thepriceof commercial electricity, so that the total
operating cost is approximately 0.2 Yuan/kW h. DemonstrationTable 1
The value of EV charging (Yuan/kW h).
Charging time Marginal cost Pollution reduct
Off-peak hour 0.23–0.0 1.24–2.91
Peak hour 1.2 1.24–2.91cases show that such support is not sufﬁcient to compensate for
the cost of charging facilities and other aspects; thus, it is difﬁcult
to form an attractive business model.
Meanwhile, this kind of subsidy mechanism is suitable for
establishing a self-contained EV industry system, although is not
conducive to coordination and optimization between EVs and the
power grid. Thus, developments in EV depend entirely on improv-
ing the performance–price ratio of batteries, which poses signiﬁ-
cant challenges in terms of surpassing fuel vehicles. If battery
technology cannot make signiﬁcant progress within a reasonable
amount of time, while hybrid vehicles and other alternative prod-
ucts continue to develop rapidly, then the gap between them will
widen increasingly and the EV industry may die prematurely.
3.2. Experience of new energy development
Currently, countries around the world are supporting new
energy technologies, such as wind power and photovoltaic power
with a preferential feed-in policy and tariffs. For example, China’s
regulations grant a current subsidy of 0.42 Yuan/kW h for distrib-
uted photovoltaic power, paid directly by the grid companies, as
well as other services such as grid access and metering [19]. Simul-
taneously, a tariff of 1.5 Yuan/kW h was added to the price of elec-
tricity, except for that used by residents and in agricultural
production. Thus, approximately 70–80 billion Yuan can be raised
to support renewable energy each year.
Based on the policy to promote wind power and photovoltaic
power, several key considerations are worth contemplating. First,
to promote EV development, there should be stable and adequate
support, so that all parties can have clear expectations in terms
of beneﬁts. Once the EV industry develops widely, the construction
and operating costs will be signiﬁcantly reduced; hence, the subsi-
dies required will also be signiﬁcantly reduced. Two, subsidizing
according to the amount of electricity is more reasonable than a
one-time subsidy because the beneﬁts of wind power, photovoltaic
power, and EVs are generated through long-term operation. More-
over, only electricity-based subsidies can motivate manufacturers
and operators to be responsible for the quality of their products.
Three, EVs must be effectively combined with the power system,
to take full advantage of its operating system to support EVs and
reduce the operating costs, while improving the efﬁciency of the
system through coordination. Finally, an appropriate competition
mechanism should also be introduced to promote industrial devel-
opment and technological advancement.
3.3. Utilization mechanism to exert the overall value sufﬁciently
Thus, Fig. 2 presents an EV operation and support system that is
integrated with the power system, which is based on the above
analysis of the overall EV values and the experience of new energy
development, and can utilize the overall value more sufﬁciently.
In this system, three approaches can be adopted to support EVs
with adequate scale. The ﬁrst is peak–valley tariff for EV charging.
It should include three prices at least, speciﬁcally, for on-peak
charging, off-peak charging and regulated charging. This approach
will reduce the cost of charging for users, and is also likely to
attract EVs to participate in load shifting and promotion of new
energies utilization, to optimize the system. The second is theion New energy promotion Overall value
0.28–0.84 1.29–3.75
0 0.04–1.71









Fig. 2. An EV operation system integrated with power system, and a third-party
operator could be present in this system.
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calculated according to the amount of electricity that is actually
used by EVs or based on off-peak charging. The subsidies provided
should increase with the amount of electricity used. The last is
one-time battery subsidy. It should be collected by the power com-
panies in responsibility of the government to raise funds for pro-
viding a one-time battery subsidy to manufacturers.
Reasonable business models can be formed by incorporating
these mechanisms. In particular, the one-time subsidies for batter-
ies should be reduced while increasing the charging subsidies.
Accordingly, EV manufacturers that provide excellent products
can withstand higher initial costs to lower EV prices, with the costs
covered based on charging subsidies, thereby forming a sustain-
able business model. Here, all the subsidies should be given to
the same stakeholder so as to promote a reasonable business
model surround it vie market mechanism. This method has been
validated in the ﬁeld of distributed photovoltaic power: manufac-
turers can provide users with the free installation of photovoltaic
equipment. Then, by charging for the electricity and collecting
the charging subsidies during the contract lifetime, the manufac-
turer can hand over the equipment to the user free of charge.
In this system, the government is responsible for the develop-
ment of rational policy mechanisms, whereas the power compa-
nies implement these policies through their operating systems,
while providing supporting services to all parties. Funds for dem-
onstration projects can also be raised through ﬂexible approaches,
such as setting up a specialized fund for technology and develop-
ment, or making periodic support policies, as needed. The contents
in the above just present an operation mechanism, which can uti-
lize the overall value sufﬁciently, and will lead to speciﬁc operation
methods and commercial models in different scenarios. But we
cannot discuss these issues due to the length limit of this paper.
Additionally, a third-party operator could be present in this system
to undertake infrastructure construction and operations manage-
ment and to provide scheduling, maintenance, accounting, ﬁnanc-
ing and other services to achieve smooth interactions between
parties.
The above operating system presents many advantages. The
overall beneﬁts of EVs are taken into full account to provide stron-
ger and more adequate ﬁnancial support. Optimized coordination
between power grids can be achieved, and the advantages of EVs
are fully used to promote new energy utilization and load shifting.
Moreover, the technological progress and survival ﬁtness of the EV
industry are better promoted. EV manufacturers must continue to
improve the performance of EVs and batteries, and the manufac-
turers with outstanding products will receive additional subsidies,
leaving the unqualiﬁed manufacturers subject to elimination. This
approach should help to solve the problem that the long-term per-
formance of EVs is difﬁcult to assess. In addition, the tariff policy
and power grid operating system are fully considered in thisapproach, to provide solid support to the development of EV in
terms of funding and operation, while the implementation costs
of policy is low.
Of course, the concept presented above is a preliminary idea.
Many details remain to be studied in-depth to form detailed poli-
cies and methods, which should then be validated and improved
through demonstrations.4. Discussions
This paper mainly focuses on the study of the overall value of EV
charging, including marginal cost of electricity for charging, the
value of pollution reduction, and the value corresponding to the
increase in new energy utilization. Currently, a great deal of
researches pay close attention to the economy and environmental
beneﬁts of EV charging and have provided many research results.
In the California independent system, smart charge timing can
reduce daily electricity costs for driving from $0.46 to $0.2, while
provision of regulating power substantially can improve the daily
proﬁts amount to $1.71 [15]. Kiviluoma and Meibom [21] esti-
mates the costs and beneﬁts of PHEV considering wind power pro-
duction and electricity demand by an elaborated model on the
power system of Finland. It turns out to be that the system cost
to charge an EV was around 36 €/vehicle/year by smart charging
while around 263 €/vehicle/year by dumb EVs. The beneﬁts of
smart charging come from spinning reserves (17%), intraday ﬂexi-
bility (47%) and day-ahead planning (36%). The smart charging
would make the power system emit less CO2 by 211 kg/vehicle/
year, but dumb charging will increase CO2 emission by 169 kg/
vehicle/year. Based on the real data of Western Australia, Jonathan
and David [2] gives results that, a vehicle with a 13 kW h battery
could attract approximately AU$36/year in capacity payments in
national electricity market, and AU$412/year for supply of spin-
ning reserve only, or AU$36/year for supply of load balancing as
well as spinning reserve.
These results are very similar to ours’, and indicate that the
marginal cost of EV charging can be very low, and the provision
of ancillary service by EV can achieve a lot of economic proﬁts
and environment beneﬁts. An argument just like the suggestion
pointed out by our paper is given that, the provision of ancillary
services can reduce the net present value of EV greatly and can
be even an alternative to expensive tax subsidies [4].
This paper has many contributions and advantages. It illumi-
nated that, when carrying out system issues such as system analy-
sis and design, it is necessary to consider the value of EV charging
on a system scale to obtain the overall value, rather than be limited
in eyes of single entity such as customers and power grid, or be
limited in single aspect like economy, emission reduction, pollu-
tion reduction, promotion of new energy, etc. It also presented a
model and method for analyzing the overall value of EV charging,
which convert various beneﬁts into equivalent economic values
and can be used to estimate the overall value of EV charging. The
principle of this method is clear and is simple for calculation. So
it can be used widely and can provide a useful tool for system anal-
ysis and policy design. From the perspective of practice, the
method proposed here is of important value for the systematic
considerations about EV’s development and potential help to EV’s
industrialization. Facing the shortage of impetus and uncertainty
in prospects of EV development, the main idea of this paper is tim-
ing, and maybe can help to broaden the possibility of EV
development.
Of course, there are still some aspects that need to be improved.
The understanding on EV pollution damage and the interaction
with renewable energy remain deﬁcient. Due to the lack of rele-
vant statistical data and research experience, the accuracy of this
426 C. Guo, C.C. Chan / Energy Conversion and Management 89 (2015) 420–426model needs to be improved, too. It is needed to analyze other ben-
eﬁts of EV charging; maybe some other issues should be included
into consideration such as the ancillary services to power system.
By comparing the research methods and results of this paper
and the references, it is easy to see that EV charging can participate
in various interactions and produce many proﬁts. However, the
existing literatures, including this paper, only consider part of
these contents without providing more comprehensive study. Also,
the analysis results from different countries and different power
grids are obviously diverse. So, the value of EV charging is inﬂu-
enced by many factors which we haven’t known well. Moreover,
facing to these complex interactions and inﬂuences, how to grasp
the main aspects while ignore secondary aspects needs in-depth
study. Finally, we also need to study how to use the analysis results
about EV charging to design reasonable charging tariff and support
policy, so as to promote the development of EV. Therefore, more
comprehensive and systematic research method about EV charging
is still a difﬁculty and a key issue need to be solved for the devel-
opment of EV. These are also the main issues requiring in-depth
study in the future.
5. Conclusions and recommendations
In this research, a model to analyze the overall value of EV that
includes peak regulation, pollution reduction and the increasing of
new energy utilization was presented, indicating a clear positive
value of EV charging and providing the sources for increasing EV
subsidies. By comparing EV with photovoltaic power, a model
was proposed to calculate the value of emission reduction as a
result of EV charging. It was presented that if the amount of dam-
age caused by fuel vehicles is k times that caused by EVs, then the
subsidy for EVs should be (k  1) times greater than the subsidy for
photovoltaic power. An analysis model was also proposed for eval-
uating the improvement in new energy utilization as a result of
EVs. If the cost of wind power declines, the savings in the intrinsic
value can be transferred to off-peak charging loads to attract EVs to
promote wind power consumption and improve the overall efﬁ-
ciency of the system. Meanwhile, a utilization mechanism apt to
overall optimization was proposed, where adequate support for
EVs can be provided through on-peak and off-peak tariffs, charging
subsidies, and one-time subsidies for batteries, and offers many
advantages. Finally, some policy hints can be obtained that, when
determining whether or not to develop EVs, we should consider
this issue from the perspective of the overall value. Although some
references pointed out that EV is not as good as other alternatives
in some aspect, but its overall value as a system to the society is
larger than else options. In addition, it would be a hard work to
build an entire operation mechanism to utilize the overall value
of EV charging sufﬁciently.Acknowledgments
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